Abstract. Infrared spectral observations have yielded many important insights into the nature of Mars. However, spectral effects tied to surface roughness and particle size can make mineral deposits substantially more difficult to detect and identify than is generally known, including for current investigations. The effects hold for Mars and other planets, but here we focus on the impact on the exploration of Mars. Laboratory spectra of pure, smooth-surfaced minerals have previously been used to conclude that the 1996 Global Surveyor Thermal Emission Spectrometer (TES) and the 2001 Mars Odyssey Thermal Emission Imaging System (THEMIS) will detect a mineral deposit that covers ~10% of a pixel. Those laboratory spectra have formed the foundation for modeling and interpretations of TES/THEMIS data and for development of the 2003 Mars rover Mini-TES. Here, for the first time, we compare TES/THEMIS foundation data to laboratory, field, and unique airborne spectra of rough surfaces. We demonstrate that substantial, well-crystalline, regional mineral deposits, including rock outcrops, can be 100% exposed and remain undetected at the sensitivity of TES/THEMIS. We then detail the physics, which apply to all geologic materials. Previous studies have demonstrated the complicating physical effects for solids vs. particulates for a range of minerals, including oxides, sulfates, carbonates, and each of the seven silicate classes. We identify three cases of spectral behavior that can impact interpretations: In Case 1, physical effects cause a target to be undetectable by a given infrared instrument ("infrared stealthy"). In Case 2, variations in spectral contrast mimic abundance variations, which confounds abundance mapping. In Case 3, alteration of the spectral band shape impacts compositional interpretations. Optically smooth materials will be well-represented in TES/THEMIS/Mini-TES identifications. Conversely, if a material forms an optically rough surface or sufficiently small particles on Mars, then it will be comparatively underrepresented or missed. Surface roughness occurs on three broad scales, and roughness at the grain scale can be a primary variable in whether a mineral is detectable. Nondetection of certain key minerals (e.g., carbonates) can significantly impact geologic and climatic interpretations and landing site selection. The TES/THEMIS detection threshold may be 10% coverage based on specific laboratory samples, but for field measurements, that prediction represents an idealized lower bound. Interpretations built on non-detection should be revisited after defining the uncertainties in detection capabilities for specific instruments as applied to expected mineral surface textures on Mars, including at the grain scale. The impact on future measurement strategies (including Mini-TES) should also be assessed.
Background
Mineral identification and mapping are fundamental components in the exploration of Mars and other planets. For example, the presence or absence of carbonate on Mars is considered a key indicator of past climatic and hydrologic activity [Carr, 1996; Carr and Head, 2003] . If Mars had a denser CO 2 atmosphere in its past and liquid water on its surface, then large deposits of carbonate materials likely would have formed [Pollack et al., 1987] . Similarly, it is expected that large hydrothermal systems on Mars would be marked by carbonate deposits [Farmer and Des Marais, 1999] . These areas would be prime candidates for astrobiology landing sites [Farmer and Des Marais, 1999] . Thus carbonate detection would influence landing site selection [Carr et al., 1994; Farmer and Des Marais, 1999] , but in the absence of detection, site selection shifts to other targets.
Under specific conditions, carbonates will exhibit distinct bands centered near 6.5, 11.2, and 33 µm. Blaney and McCord [1989] and Roush et al. [1993] reviewed proposed carbonate detections on Mars prior to TES/THEMIS. The reported detections have not widely been perceived as conclusive. It was intended that two recent orbiterbased infrared instruments would conclusively resolve whether carbonates are present on Mars (the 1996 Mars Global Surveyor TES and the 2001 Mars Odyssey THEMIS ). However, conclusive detections have not been forthcoming. concluded that TES detected no carbonate deposits at the 10% level. Bandfield and Smith [2003] concluded that TES detected no carbonate bands in selected dark regions to the 5% level, including using spectra measured of <45 µm particles. Complexities in atmospheric retrievals have delayed an examination of the 6.5 µm region in TES spectra, particularly for bright regions. recently proposed detection of a 6.5 µm band in TES data that they attribute to carbonate in the Martian surface dust. However, the interpretation remains inconclusive without a concurrent detection of the 11.2 and 33 µm carbonate bands. No definitive carbonate bands have been reported in THEMIS data. The 2003 rover Mini-TES will measure spectra comparable to TES, and Mini-TES is similarly intended to resolve what minerals are present [Christensen et al. 2000a] .
The lack of definitive detection of carbonate deposits has been widely interpreted as significantly constraining the presence of a massive early greenhouse atmosphere and large bodies of liquid water (oceans or seas) [Carr, 1996; Carr and Head, 2003] . The assertion that both TES and THEMIS will identify minerals at the 10% coverage level is broadly perceived as significantly tightening the constraint on the possible presence of carbonate. This 10% threshold estimate is based on spectra of a specific type of laboratory sample: pure minerals, hand samples or sieved to large particle sizes, washed, and smooth-surfaced at multiple scales [Christensen et al., 2000b] .
Current interpretations of the lack of clear carbonate detections include: this material (and thus abundant water) was never there ; it is buried or dust-covered [McKay and Neddel, 1988; Clark, 1999 ; it is altered by UV radiation or subsequent chemical reactions [Mukhin, 1996; Clark, 1999] , although this explanation is debated [Fonti et al., 2001] ; or it occurs exclusively as a dispersed contaminant or in small deposits (exposed over less than one-tenth of the TES ~3 km x 5 km or THEMIS 100 m x 100 m field of view) [Farmer and Des Marais, 1999; .
The "White Rock" deposit in Pollack Crater has been proposed as a possible lacustrine deposit [Williams and Zimbelman, 1994] . However, that interpretation was discounted because TES did not detect any mineral signature there . On the other hand, in other regions TES has detected a signature consistent with coarse hematite Christensen et al., 2000c] or a hematite coating [Kirkland et al., 2001a; Kirkland et al., 2003a] . The importance and rarity of clear detections of a potentially interesting mineral led to the selection of that site for a 2003 rover mission. Thus high confidence in nondetection has altered interpretations of the geologic and hydrologic history of Mars and of specific deposits. It also impacts landing site selection because sites that are perceived to lack interesting minerals are considered of lesser importance.
Although widely unrecognized, another possible explanation for the non-detection of mineral deposits is that they may have surface textures that make them difficult to identify spectroscopically (i.e., they may have stealthy infrared properties). Surface roughness is a common, effective, and longstanding means to construct blackbodylike surfaces that infrared instruments cannot identify [Williams, 1961; LaRocca, 1971; Kirkland et al., 2002a] . A blackbody has an emissivity of one and a featureless spectrum, which thus has no spectroscopic compositional information (an infrared stealthy surface). Thus it is well known that multiple surface reflections make a target less detectable, and surface roughness causes multiple surface reflections in opaque geologic materials. Salisbury et al. [1991] illustrate the spectral contrast reduction in smooth vs. particulate surfaces for a wide range of geologic materials, including silicates, sulfates, and carbonates. The contrast reduction is further illustrated and explained in Salisbury [1993] . However, variations in surface texture extend well past particulate vs. solid surfaces. A wide variety of surface textures occurs in nature, and the texture is commonly influenced by formation and weathering processes. Weathering processes may couple with the grain size, chemical composition, and microstructure to cause further variety. Coatings can also contribute additional textural diversity.
Thus texture can impact the spectral signature of all geologic classes, and a wide range of textures occurs in nature. Those points make it critical to (1) understand and convey the impact of surface texture on spectral variation and (2) combine an understanding of the physics with a repeatable method to define detection limits for an instrument and intended target characteristics. Here we summarize a simple method and use it to illustrate the importance of spectral behavior on the detectability of a mineral deposit. We then demonstrate the causes of variations in spectral contrast, the importance to mineral detection, and the impact on interpretations of Mars.
Mineral Detection
The ability to detect a mineral varies with material composition, surface texture and particle size, and sensitivity of the instrument. Thus a well-defined geologic interpretation first requires defining both the spectral properties of the proposed target material and the instrument capabilities.
Band detection limit. Current TES interpretations use laboratory spectral signatures (foundation studies) of pure minerals that are hand samples or crushed, sieved to large particle sizes (710-1000 µm), and washed [Christensen et al., 2000b] . Figure 1a shows an example calcite spectrum ("C8"), and Figure 1b focuses on the 11 µm region in more detail. This spectrum exhibits an 11 µm band contrast (d) of ~40%. A spectrum with this contrast was selected to match the contrast of the Plate 11 carbonate spectrum, which Christensen et al. used to support their conclusion that TES has not detected carbonates on Mars to the 10% level. When comparing the data, note that scaled their Plate 11 spectrum to simulate 10% surface coverage (i.e., 40% contrast for 100% coverage is 4% contrast at 10% coverage). It is important to determine whether a comparison using a spectrum that exhibits different spectral contrast would lead to a different detection limit conclusion than 10%.
The minimum fractional exposure by a target material (f min ) required for detection is [Kirkland et al., 2001b] :
where d is the band contrast exhibited by the target (e.g., Fig. 1 illustrates d ≅ 0.4). Lyon [1964] and Clark and Roush [1984] also detail the definition of band contrast (band depth). DL is the band detection limit, which is the minimum observed band depth required to accept as a detection for a given band width and center.
Equation 1 shows that the minimum fractional coverage by a mineral deposit required for detection increases as the band contrast (d) exhibited by the material decreases, i.e. as the band "flattens". If a laboratory spectrum exhibits absorption bands that are not observed in TES or THEMIS data, then currently it is concluded that the mineral is not present for ~10% coverage of a TES or THEMIS pixel , i.e. the published f min is ~10%.
It is critical to understand that the strongest spectral band in a laboratory spectrum is not necessarily the most detectable by a given flight instrument [Kirkland et al., 2001b] . For example, the rapidly decreasing signal-to-noise ratio toward shorter wavelength in TES data makes the carbonate 11 µm band in the Fig. 1 spectra more detectable than the 6.5 µm carbonate band by TES, even though the 11 µm band is narrower and weaker in laboratory spectra (Fig.1a) [Kirkland et al., 2001b] . This situation occurs because the instrument signal-to-noise ratio varies with wavelength, so the minimum band depth required for detection (DL) also varies with wavelength.
Quantitative statements of non-detection require inclusion of (1) the band that is most detectable by the given instrument; (2) the band depth that it is assumed the target will exhibit (d); and (3) the minimum band depth detectable by the instrument (DL) at the wavelength of interest. (1) The lower, blue trace (sample "C8") is a laboratory spectrum of a calcite hand sample [Christensen et al., 2000b . The upper spectra are (2) a laboratory spectrum of an intensely lithified hand sample of calcrete (sample "mm4bhr") and (3) an airborne spectrum of a region covered with calcrete boulders. This illustrates the reduced spectral contrast that can make even regional outcrops undetectable. In addition, when examining laboratory spectra, it is important to understand that the strongest band in a laboratory spectrum is not necessarily the most detectable by a given flight instrument. For example, the rapidly decreasing signalto-noise ratio of TES at shorter wavelengths makes the weaker, narrower 11 µm band more detectable by TES than the 6.5 µm band [Kirkland et al., 2001b] . The airborne and C8 spectra are in apparent emissivity. The laboratory calcrete spectrum is in true emissivity (one minus hemispherical reflectance). For clarity the airborne spectrum is offset -0.042 to match the calcrete emissivity at 11.6 µm. This shows addition detail of the 11 µm region for the three spectra in Figure 1a , plus (4) a field spectrometer signature measured of the same target region as the airborne spectrum, shown in apparent emissivity. The left, vertical arrow illustrates the approximate spectral contrast (d) of the C8 calcite spectrum. For clarity the field and airborne spectra are offset to match the true emissivity of the laboratory spectrum at 11.6 µm (vertical reference line), with offsets of airborne -0.042 and field -0.0045.
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Airborne, Field, Laboratory Data
Laboratory data. All laboratory spectra shown here were measured from hand samples; none are of particulates or coatings. That approach was selected to (1) examine the variety of spectral behavior that can occur in lithified material, and (2) provide the most direct comparison to the airborne and field data, which similarly targeted regions with near 100% coverage by rocks. The laboratory reflectance measurements were made at The Aerospace Corporation and used a Nicolet Magna 550 Fourier transform spectrometer. Biconical reflectance measurements (2.5-200 µm) used a "praying mantis" diffuse attachment. Hemispherical reflectance measurements (2.5-25 µm) used a Labsphere 3-inch diameter integrating sphere (approximately 5 mm diameter spot size) to determine absolute emissivity via Kirchhoff's Law as derived from conservation of energy (emissivity = 1-reflectance) [Nicodemus, 1965; Judd, 1967; Korb et al., 1999] . We examined the upward facing weathered surfaces (as marked in the field) to better correlate laboratory and field spectra. Kirkland et al. [2002a] further detail the laboratory instrumentation. The publicly available TES spectral library data are in apparent emissivity [Christensen et al. 2000b] .
Airborne and field data. The airborne data were measured by the SEBASS imaging spectrometer [Hackwell et al., 1996; Kirkland et al., 2001b; Kirkland et al., 2002a] . SEBASS is the Spatially Enhanced Broadband Array Spectrograph System. It is owned by The Aerospace Corporation, a non-profit Federally Funded Research and Development Center. SEBASS is accessible for research, and it covers 7.6-13.5 µm in 128 channels. Atmospheric water vapor and CO 2 limit terrestrial thermal infrared airborne studies of the surface to that range. The data used here have a spatial resolution of 2 m × 2 m, with images 128 pixels wide and 4000 pixels long. SEBASS measures with the highest signal-to-noise ratio of any airborne thermal infrared imaging spectrometer. The field spectra were measured by a vanmounted Brunswick Model 21 interferometer spectrometer, covering 6.68-14.28 µm, with a ~0.3 m × 0.3 m pixel size, and 4 cm -1 apodized spectral resolution. Kirkland et al. [2002a Kirkland et al. [ , 2002b further detail the instruments and data processing.
The airborne and field data are processed to apparent emissivity, as is also done for TES and THEMIS data of Mars [e.g., Hanel et al., 1992; Smith et al., 2000] and the TES team public spectral library [Christensen et al. 2000b] . True emissivity is the measured radiance divided by the Planck blackbody radiance at the true sample kinetic temperature. This change of units from radiance to emissivity is termed a conversion. When the kinetic temperature is not measured by an independent means, it must be estimated. When the kinetic temperature is estimated, then the converted result is termed apparent emissivity [Ginsburg et al., 1960; Conel, 1969] . One method to convert remote sensing data is by using the highest brightness temperature as the estimated kinetic temperature (e.g., Kahle and Alley, 1992; Hook et al., 1999) . This is the method that has been used in most geologic studies of Mars that use data from spacecraft-carried instruments [Hanel et al., 1992; Smith et al., 2000] , for the airborne and field data presented here [Kirkland et al., 2001b , Kirkland et al., 2002a , and also in some laboratory studies that measure in emission rather than reflectance [e.g., Conel, 1969; Christensen et al. 2000b] .
Calcrete and limestone samples. The laboratory, field, and airborne measurements included samples of indurated calcite (calcrete) from Mormon Mesa, Nevada [Kirkland et al., 2002a] . The calcrete is intensely lithified and requires strong hammer blows to break it. The calcrete source is a distinct, regional geologic unit, not a coating (Gardner, 1968; Gardner, 1972) . Its density is near that of calcite, with an average density of 2.62 g/cm 3 for the calcrete [Gardner, 1972] vs. 2.72 g/cm 3 for a calcite crystal and 2.65 g/cm 3 for a quartz crystal [Klein and Hurlbut, 1993] . In the region with airborne data, areas predominantly or fully covered by calcrete had calcrete particle sizes ranging from several centimeters to boulders. The calcrete is ~90% calcite and ~10% quartz. X-ray diffraction (XRD) was used to identify the major phases present. The grains are wellcrystalline. Crystalline is defined as a material that has regular molecular structure [Bates and Jackson, 1983] . The limestone hand sample is also from Mormon Mesa, and is ~99% carbonate [Kirkland et al., 2002a] . Multiple samples were tested, and for all samples, carbonate contents were determined by gravimetric acid digestion. Sample surfaces were examined by scanning electron microscopy (SEM) and chemically characterized by energy dispersive X-ray spectroscopy (EDXS). Cross-section SEM images, EDXS measurements, and the spectral signature over the 2.5-50 µm range give no indication of a coating [Kirkland et al., 2002a] . In addition to EDXS, the spectral shape in the 14 µm range can be used to determine whether the calcrete has significant Mg substitution [e.g., Huang and Kerr, 1960; Adler and Kerr, 1963; White, 1974; Lane and Christensen, 1997] , and the spectra are consistent with calcite.
Comparison of laboratory, field, and airborne data. Figure 1a and 1b illustrate that laboratory, field, and airborne spectral contrasts can be significantly attenuated relative to the foundation spectra used to interpret TES and THEMIS data and to predict the 10% detection limit. The SEBASS and field studies illustrate that this can occur for massive geologic materials in regional deposits. Figure 1b shows a calcite spectrum from the TES public spectral library [Christensen et al. 2000b] , spectra measured by the field and air-borne spectrometers of regions with near 100% coverage by lithified calcite (calcrete), and a laboratory spectrum of calcrete [Kirkland et al., 2002a] . Scattering effects contribute to the band center offsets [Salisbury et al., 1991] . Gardner [1968] and Gardner [1972] detail the geology of the Mormon Mesa region. Kirkland et al. [2002a] detail the associated SEBASS and field spectrometer study, and include pictures of the calcrete, additional references, and a SEBASS site image.
Causes of Reduced Spectral Contrast
Surface properties unrelated to composition attenuate spectral contrast. These are: (1) roughness that causes multiple surface reflections in opaque material, and (2) particle size and texture on a scale that causes volume absorption [Williams, 1961; Lyon, 1964; Van Tassel and Salisbury, 1964; Aronson et al., 1966; Hovis and Callahan, 1966; Aronson et al., 1967; Goetz, 1968; Hunt and Vincent, 1968; Vincent and Hunt, 1968; Conel, 1969; Hunt and Logan, 1972; Hunt, 1976; LaRocca, 1978; Hapke, 1983; Salisbury et al., 1987; Salisbury et al., 1991; Hanel et al., 1992; Salisbury and Wald, 1992; Fraden, 1993; Kirkland et al., 2001b; Kirkland et al., 2002a, Le Bras and Erard, 2003] .
Surface roughness. Surface roughness is a common means to improve a blackbody target because it increases the overall emissivity and decreases the spectral contrast [Williams, 1961; LaRocca, 1978] . The concurrent increase in emissivity and decrease in spectral contrast is called a hohlraum or cavity effect. An example is the TES onboard blackbody calibration target, which uses 45 degree parallel grooves that are 1.5 mm deep in combination with a high emissivity paint .
Roughness that causes multiple surface reflections includes the grain texture, grooves, vesicles, the gaps between rocks in a mound, interstices between grains, and pits and cracks in rocks. Multiple reflection effects are observed for roughness to at least ~one-fifth the wavelength [Siegel and Howell, 1968] , and in the other direction, macroroughness (e.g., a mound of boulders) will also cause multiple reflections. Figure 2 illustrates the decrease in spectral contrast with multiple reflections. The increase in effective emissivity (ε e ) with the number of reflections (ξ) from a surface (e.g., a mineral facet) with true emissivity ε is given by [Aronson et al., 1967; Williams and Becklund, 1984; Fraden, 1993] : ε e = 1 -(1 -ε) (ξ+1) (2) Broadly, a cavity effect increases as the ratio of the cavity depth to entrance width increases [Williams and Becklund, 1984] . An examination of blackbody behavior has been a longstanding area of research due to the importance of blackbody simulators in a range of applications. However, in practice, calculating the number and distribution of multiple reflections (and thus the total, quantified cavity effect) has proven a complex problem, even for simple shapes [e.g., Williams, 1961; LaRocca, 1978; Bartell, 1981; Bedford et al., 1985] . The cavity effect varies with the cavity shape, cavity area, entrance aperture area, the material emissivity, and whether the surface reflects diffusely or specularly [Williams, 1961; LaRocca, 1978; Bartell, 1981; Williams and Becklund, 1984; Bedford et al., 1985] . Nonetheless, the trend is long known and clear: multiple surface reflections decrease the spectral contrast and increase the emissivity. . Note the increasing continuum emissivity and the contrast reduction of all bands. The dashed line "BB" illustrates an ideal blackbody spectrum. Sample mmlssep00, shown as emissivity equals one minus hemispherical reflectance.
Surface reflection vs. volume absorption.
The presence of partially transmissive (optically thin) material can also decrease the spectral contrast. A strong absorption band causes high opacity, so incident radiance cannot penetrate the surface more than a fraction of the wavelength [Hecht, 1987] . Thus in regions of strong bands, little incident radiance is transmitted or absorbed, so most is reflected. This reflection from the surface is termed "surface scattering." Scattering is when radiance is deflected in the same medium from the original direction of propagation [Haertel, 1978] . The resulting mirror-like surface produces reflectance peaks called "reststrahlen bands" Conel, 1969; Hunt and Logan, 1972; Salisbury et al., 1987; Salisbury and Wald, 1992; Fabbri et al., 2001; Kirkland et al., 2002a] . In the case of emission, the surface of a body reflects radiance inward at reststrahlen bands [Planck, 1914] , causing an emissivity reduction (emissivity trough). The Figure 3 solid surface spectrum illustrates this in the carbonate 6.5 and 11 µm absorption troughs.
On the other hand, volume absorption occurs when some radiance transits completely through the material [Lyon, 1964; Aronson et al., 1966; Aronson et al., 1967; Vincent and Hunt, 1968; Conel, 1969; Hunt and Logan, 1972; Salisbury et al., 1987; Elachi, 1987; Salisbury et al., 1991; Salisbury and Wald, 1992; Mustard and Hays, 1997; Fabbri et al., 2001; Kirkland et al., 2002a] . When radiance survives passage through a volume of a grain and is then reflected by a grain boundary to the observer, it is termed "volume scattering." Thus volume scattering refers to reflections that occur after the radiance transits through a volume of the material, and surface scattering refers to reflections that occur without transiting through the material. Volume absorption can occur by direct transmission or after volume scattering.
Volume absorption increases as particles become small enough to become optically thin (partially transmissive), or when they have optically thin edges. When volume absorption dominates, the reststrahlen band shapes appear as emission peaks rather than troughs, and they are slightly offset to longer wavelength (Fig. 3) [Hunt, 1965; Salisbury et al., 1991] . Thus volume absorption can attenuate spectral contrast because the trend counters that of surface reflectance (Fig. 3) . [1991] ). The transmission spectrum is of <2 µm particles, which are optically thin, so volume absorption dominates. The transmission spectrum is inverted to plot in emissivity (emissivity = one minus transmission, Kirchhoff's Law from conservation of energy [Nicodemus, 1965; Hunt, 1965, Williams and Becklund, 1984] ), offset and scaled for clarity using 0.82-(transmission/100). For the solid sample, surface reflection dominates. The coarse particle (75-250 µm) spectrum exhibits some volume absorption, evident in the altered band shapes. Multiple reflections from gaps between the particles also reduce the spectral contrast and increase the continuum emissivity. The transmission spectrum illustrates the typical offset of band centers toward longer wavelength relative to the solid surface spectrum. This causes the shift in the coarse particle 11 µm band center (marked by the vertical dashed line) as volume absorption alters the long wavelength side of the 11 µm band. The solid and coarse particles were measured in biconical reflectance [Salisbury et al., 1991] and converted to approximate emissivity using one minus reflectance. Biconical measurements accurately show the spectral shape, but not the absolute emissivity [Salisbury et al., 1991] . Figure 4 shows the first demonstration of altered spectral contrast and shapes that are caused by changes made only to the surface texture of the same geologic hand sample. It is critical to recognize that texture alone can cause the observed spectral variations, and that the variety can occur both in particulate [Salisbury et al., 1991] and consolidated targets. (2) grit-blasted surface shows altered spectral band shape (arrows) and slightly lower continuum emissivity, consistent with volume scattering. The (3) weathered surface has higher continuum emissivity, reduced spectral contrast, and no clear alteration of the band shapes, consistent with a cavity effect. Sample 4-12-C, in emissivity (one -hemispherical reflectance). Fig. 4a . Note the (3) weathered surface exhibits reduced spectral contrast and higher emissivity relative to the (1) fresh surface, but has the same band shape as the fresh sample. In the (2) grit-blasted spectrum, volume scattering alters the band shape (right arrow) and shifts the band center. A change in the band shape can affect compositional modeling. A change in the band center can affect interpretations that utilize the band center as a measure of composition. Figure 4a shows the following spectra measured of a limestone hand sample from Mormon Mesa: (1) the exposed, weathered surface; (2) a fresh surface; and (3) a surface that was saw cut, ground with a coarse grinding wheel, grit blasted with coarse Al 2 O 3 , and then cleaned in an ultrasonic cleaner. XRD measurements show that the grit-blasting did not cause any alteration to aragonite. The weathered limestone spectrum has reduced spectral contrast and a higher continuum emissivity relative to the fresh surface, but the band shapes are not altered. Both the continuum emissivity and band shape are consistent with a cavity effect. The grit-blasted spectrum shows volume scattering in the lower continuum emissivity and altered 6.5 and 11.2 µm band shapes. This evidence of volume scattering indicates that the grit blasting caused micro-fracturing of the surface. Figure 4b illustrates in more detail the 11.2 µm band. Figure 5a shows an SEM cross-section image of a freshly broken limestone surface. The relatively smooth surface gives few opportunities for multiple reflections. The lighter material is calcite, and the darker material is dolomite. Figure 5b shows the weathered limestone surface. The pits will cause a cavity effect. Figure 5c shows the grit-blasted limestone surface. The thin, fractured material at the surface causes the volume scattering evident in Figure 4 . However, the relatively smooth surface gives less opportunity for multiple surface reflections. Three scales of roughness. Surface roughness that can reduce the target detectability may be present on three broad scales in geologic material. Scale 1 roughness is the gaps between individual particles or rocks in a mound (e.g., in deposits of sand, pebbles or boulders). We refer to this as the "intra-particle scale". Scale 2 is the surface at a scale that is larger than the grain, which is usually visible by eye (e.g., pitted rocks, "broad surface scale"). Scale 3 is surface roughness at the grain scale (e.g., Fig. 5 , "grain scale") [Kirkland et al., 2002a] .
Demonstration of the effects.
In the field, the calcrete displays all three scales of surface roughness. The attenuated spectral contrast in the Figure 1 field and airborne vs. the laboratory calcrete spectra is consistent with roughness at scales not reproduced in the laboratory, which in this case were (1) gaps between individual rocks in a mound ("intra-particle scale") and (2) surface roughness much larger than the laboratory instrument spot size ("broad surface scale"). The results illustrate the typical case where the laboratory instrument mainly senses the grain scale roughness and a subset of the broad surface roughness. In contrast, the field and airborne instruments integrate over roughness at the grain scale, intra-rock scale, and the full broad surface scale.
The calcrete regional geologic unit formed and weathered in a terrestrial environment; however, the physics of spectral behavior hold true regardless of the sample origin. The effects of surface texture at multiple scales must be considered for reliable interpretations of remotely sensed data from any planetary surface.
Impact on compositional and abundance modeling. The impact of surface and volume scattering (i.e., surface texture and particle size) on compositional and abundance interpretations can be divided into three cases.
Case 1: Physical effects reduce the spectral contrast to the point that the bands are undetectable by the instrument (infrared stealthy). This includes the case when spectra measured of the same location are averaged to increase the signalto-noise ratio, yet still do not show spectral features (e.g., "White Rock" in the Ruff et al. [2001] study). A more sensitive instrument may help in this situation (e.g., increased signal-to-noise ratio, use of a spectrometer rather than multi-channel radiometer). Case 1 behavior impacts compositional modeling (and potentially the resulting interpretations) when materials that are actually present are interpreted as absent, and when no minerals are detected at all.
Case 2: A cavity effect alone causes the spectral contrast to vary, but spectral features remain observable by the instrument. Case 2 behavior makes spectral contrast variations an uncertain measure of abundance. Spectral contrast variations caused by varying surface texture vs. varying abundance cannot be separated unless the variations in the target's true spectral contrast are independently known.
However, compositional modeling (e.g., linear mixture modeling) of the bands that are evident can proceed by simple scaling of the laboratory spectrum to the remotely sensed bands [Adams et al., 1993] . For example, the Fig. 4 fresh surface spectrum could be scaled to match the Fig. 4 weathered surface spectrum and thus correctly identify the material.
Thus Case 2 behavior increases the uncertainties in (1) mapping variations in mineral abundance and (2) compositional mixture modeling of heterogeneous materials when the different minerals have different surface textures.
Case 3: Volume absorption alters the band shape (e.g., Fig. 4 grit-blasted limestone spectrum). The simple scaling described above for Case 2 will not account for an altered band shape, and a spectral mismatch results. For example, the Fig. 4 fresh surface spectrum could not be scaled to match the Fig. 4 grit-blasted surface spectrum accurately, even though they are the same composition (same sample). Salisbury et al. [1991] illustrate the impact for a wide range of particulate minerals, including silicates. Thus the potential for volume scattering increases the uncertainties in compositional modeling of unknown targets (e.g., linear mixture modeling applied to data sets such as TES and THEMIS). The potential for a mismatch is particularly acute when modeling incorporates only laboratory signatures measured of large particle sizes and smooth, solid surfaces.
Discussion
Current state of knowledge. The dramatic reduction in spectral contrast in Figure 1 illustrates physical effects that can cause massive mineral deposits that are present to remain undetected, even for full pixel coverage. In addition, Salisbury et al. [1991] illustrate changes in spectral contrast and band shape for solids vs. particulates using laboratory spectra of a wide range of minerals.
In combination, those examples illustrate physical principles of spectral behavior that apply to all geologic materials:
(1) Effects tied to surface texture and particle size can reduce the spectral band contrast to the point that a material is undetectable by a given instrument (infrared stealthy, "Case 1" behavior), including for particulates and regional outcrops of massive materials. This likely explains why some surfaces on Mars (e.g., "White Rock") have no mineral spectral bands evident in TES data. Certainly White Rock is composed of something.
(2) Materials with optically rough surfaces will be underrepresented in TES/THEMIS/Mini-TES detections. Conversely, materials that form optically smooth surfaces, including at the grain scale, will be comparatively over-represented.
(3) Roughness occurs at three broad scales, and all can reduce detectability. It is critical to recognize that roughness includes texture at the grain scale, which can be a primary variable in whether a mineral is detectable (Fig. 5) .
(4) When stating a detection limit, the following information is necessary for completeness and repeatability: the proposed surface texture, the band(s) most detectable by the flight instrument, the assumed spectral contrast of the target, the minimum band depth detectable by the flight instrument at that wavelength, and the method to calculate the detection limit for the given instrument.
(5) The ability to detect a given mineral deposit scales with the instrument sensitivity. If low spectral contrast (infrared stealthy) surface mineral deposits are exposed on Mars, then identifying them may be possible using instruments that measure with higher sensitivity (e.g., higher signal-to-noise ratio, as for SEBASS) or to a limited extent by averaging pixels measured of the same spot. Fall-back measurement strategies for each flight instrument should be assessed (e.g., when to stare and average for a rover-based instrument).
(6) Observed band depth alone should not be used as a measure of abundance: surface roughness and particle size also cause strong spectral contrast variations (Figures 1-4 ) ("Case 2" behavior).
(7) Volume scattering can alter the band shape and cause a spectral mismatch, especially in models that use spectra only of large particle sizes or solid surfaces ("Case 3" behavior).
The listed systematic spectral complexities are not widely recognized, which has led to the assumption that TES and THEMIS have greater capabilities for mineral identification and abundance mapping than they possess. The published detectability limits have impacted interpretations of Mars' climatic and geologic history, specific deposits, and potential landing sites. Those complexities will also impact the Mini-TES.
Research needed on surface texture. TES detection limits have been stated for smooth surfaces that are hand samples or composed of large particles . The detection limits remain undefined for (1) rough surfaces at all scales, (2) a range of textures, (3) small particle sizes, and (4) optically rough and smooth coatings.
As a result, previous interpretations based on non-detection will need to be reconsidered based on results from systematic studies of (1) the variation in microstructure, surface texture, and coatings for materials under the formation and weathering conditions proposed for Mars, and (2) weathered and rough surfaces (e.g., Figures 1a  and 1b) , including remote sensing studies outside the laboratory that are subsequently validated by field work.
It is critical to initiate studies to determine the expected surface texture of proposed materials on Mars, because if a material tends to form a rougher surface on Mars, then it will be underrepresented or missed in TES/THEMIS/Mini-TES detections. Conversely, materials that form smooth surfaces, including at the grain scale, will be comparatively over-represented. Interpretations will remain incomplete until such studies occur.
Currently, the variation in surface texture between mineral classes is poorly understood, particularly for different formation and weathering pathways and at the grain scale. Inclusion of silicates will aid understanding of what conditions make them readily detected. It will also test the current assumption that all the silicate minerals present in a weathered rock surface have the same surface texture as the laboratory case that serves as the foundation for compositional mixture modeling of TES/THEMIS data.
It is important to extend the studies past solid vs. particulate. For example, an optically smooth hematite coating matches observed TES hematite signatures [Kirkland et al., 2001a; Kirkland et al., 2003a] . On the other hand, Christensen et al. [2000c] argued against a hematite coating based on examination of a hand-packed hematite sample. The divergent interpretations illustrate the importance of extending textural studies past particulate vs. solid.
Field studies needed. Laboratory thermal infrared spectrometer studies of geologic materials are extensive and extend over a long history [e.g., Lyon, 1963; Lyon, 1964; Buettner and Kern, 1965; Hunt, 1965; Aronson et al., 1966; Aronson et al., 1967; Hunt and Vincent, 1968; Vincent and Hunt, 1968; Conel, 1969; Hunt and Logan, 1972; Farmer, 1974; Hunt, 1976 Estep-Barnes, 1977 Salisbury et al., 1987; Salisbury et al., 1991; Salisbury and Wald, 1992; Lane and Christensen, 1997; Mustard and Hays, 1997; Lane and Christensen, 1998; Ramsey and Christensen, 1998; Feely and Christensen, 1999; Lane, 1999; Christensen et al., 2000b; Christensen et al., 2000c; Wyatt et al., 2001] .
However, interpreters of remote sensing data need experience using field data that are measured similarly to the flight spectrometer (e.g., TES, Mini-TES). This recommendation was also put forth in a report developed at an open community workshop [Kirkland et al., 2003b] . Field studies can (1) uncover critical spectral effects not typically reproduced in laboratory studies; (2) test remote sensing interpretations against results from field research; and (3) develop tools to convey documentable interpretations and uncertainties in remote sensing data to the broader community.
However, terrestrial airborne and satellite thermal infrared studies have focused on instruments that differ fundamentally from TES. Multichannel radiometer ("multi-spectral") data sets have been used, typically that measure with four to ten bands [e.g., Kahle and Rowan, 1980; Kahle and Goetz, 1983; Gillespie et al., 1984; Abrams et al., 1991; Fujisada and Ono, 1991; King et al., 1996; Barnes et al., 1998 , Hook et al., 1999 . Multi-channel radiometers can discriminate between certain spectral types, making them productive mapping tools when combined with a field study or other information. However, they return insufficient spectral detail to uncover and study the critical aspects of spectral behavior that are illustrated here by using a spectrometer (e.g. Fig. 1b ) [Crowley and Hook, 1996; Kirkland et al., 2002a] . The data illustrate that the lack of spectral detail in a multi-channel radiometer can limit the opportunity for discovery.
A literature search returned only one peerreviewed terrestrial geologic study that uses an airborne thermal infrared spectrometer that is similar to TES, and none that have been applied to interpretations of Mars data, making the work presented here the first case.
Summary. Infrared remote sensing capabilities have been debated for over 30 years in the planetary, terrestrial, defense, and intelligence communities. If one thing is clear, it is that nature does not prepare planetary materials for an ideal, or even an easy spectroscopic experiment [Salisbury and Hunt, 1971] . However, infrared remote sensing is the primary method to survey planetary surface properties and composition. Mars is too large to explore thoroughly with surface investigations alone [Salisbury and Hunt, 1971] . In addition, rovers and landers must also remotely identify targets for rover operations and site investigations. The clear value of infrared remote sensing in planetary exploration makes an open discussion of the uncertainties imperative.
We have discussed three scientific issues of importance to planetary exploration:
(1) Volume and surface scattering (i.e., roughness and surface texture at three broad scales, and particle size) impact target detectability, compositional modeling, and abundance mapping. The physics apply to all mineral classes and are relevant to ground-based (e.g., rover), telescopic, and spacecraft infrared remote sensing of planetary surfaces.
(2) Potential misunderstandings of the uncertainties in TES and THEMIS mineral identification and mapping capabilities can impact interpretations, inferences of the geologic history and surface chemistry of Mars, and landing site selection.
(3) Studies that incorporate laboratory, field, and airborne spectrometers are needed to build experience within the community, uncover, understand, and reduce the uncertainties, and to convey them to the broader community.
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